Abstract−The effective applications of the proportional fair scheduling (PFS) scheme are investigated for the downlink of a cellular system with multiple transmit and receive antennas. We propose an improved PFS scheme based on spatial multiplexing (SM), referred to as P-PFS/SM, after reviewing the conventional PFS scheme based on spatial diversity (C-PFS/SD) and that based on spatial multiplexing (C-PFS/SM). The proposed PFS scheme exploits the space domain as well as the multiuser domain in scheduling, improving the system throughput. The performance of the P-PFS/SM scheme is compared with that of the C-PFS/SD and C-PFS/SM schemes in terms of the system throughput and user throughput. It is shown that the P-PFS/SM scheme is not much advantageous compared to the C-PFS/SM scheme without power control. However, the P-PFS/SM scheme is found to provide significant throughput improvement over the C-PFS/SD and C-PFS/SM schemes, when long-term power control is adopted.
I. INTRODUCTION
The use of multiple transmit and receive antennas for wireless communication has received considerable attention as a means for achieving high throughput over wireless links [1] - [4] . Various space-time processing schemes for multiple antenna systems can be classified into two categories: spatial diversity (SD) and spatial multiplexing (SM). In the SD scheme, a data stream is repeatedly transmitted through multiple transmit antennas to achieve diversity [2] , [3] , whereas, in the SM scheme, a data stream is split into multiple substreams, and each of them is transmitted through one of transmit antennas [4] . Most of previous works on multiple transmit and receive antenna systems have focused on optimizing the link-level performance using SD and/or SM. However, the link-level optimization is not directly translated into the system-level optimization in cellular systems [5] . Hence, it is important to consider the system-level aspects of multiple transmit and receive antennas in designing a cellular system.
Packet scheduling is an effective means for improving the system throughput in cellular packet transmission systems [5] - [9] . Essential goals of packet scheduling are to provide fairness among users as well as to increase the system throughput. Several scheduling schemes have been devised to achieve these goals for multiple transmit and receive antenna systems. The maximum carrier-to-interference ratio scheduling (MCS) maximizes the system throughout using independence of wireless channels between users, called multiuser diversity, but fails to provide fairness [6] , [7] . On the contrary, the round robin scheduling (RRS) scheme cannot improve the system throughput, although it guarantees a fair channel access chance to users [6] , [8] . The antenna-assisted RRS (AA-RRS) scheme proposed in [8] attempts to achieve both the goals of packet scheduling, and it is suitable for real time traffics with strict delay constraints. However, the AA-RRS scheme does not fully utilize multiuser diversity, resulting in limited throughput improvement [8] . On the other hand, the proportional fair scheduling (PFS) scheme presented in [9] for a single antenna system is attractive for non-real time traffics, since it achieves substantially larger system throughput than the RRS scheme. The scheme also provides the same level of fairness as the RRS scheme in the average sense [9] . In [6] and [10] , the PFS scheme has been extended to multiple transmit and receive antenna systems based on SM and SD, respectively.
In this paper, we investigate effective applications of the PFS scheme to the downlink of a cellular system with multiple transmit and receive antennas. The conventional PFS scheme based on SD (C-PFS/SD) [10] and that based on SM (C-PFS/SM) [6] are first reviewed and discussed. Then, we propose a new PFS scheme based on SM, referred to as P-PFS/SM scheme, to improve the system throughput using multiple spatial channels created through SM. In the C-PFS/SM scheme, multiple spatial channels are assigned to one user at each time slot, whereas in the P-PFS/SM scheme, spatial channels are allowed to be assigned to different users, as in the AA-RRS scheme [8] . Hence, the P-PFS/SM scheme exploits both the multiuser and space domains in scheduling, whereas the conventional schemes use only the multiuser domain. The combined exploitation of the multiuser and space domains in scheduling may provide more effective sharing of radio resources among users, improving the system throughput. Simulation results are presented to compare the performance of the C-PFS/SD, C-PFS/SM, and P-PFS/SM schemes in terms of the system throughput and user throughput. We also investigate the interactions between packet scheduling and long-term power control. This paper is organized as follows. Section II describes the system and channel models. In Section III, we discuss the C-PFS/SD and C-PFS/SM schemes, and propose a new P-PFS/SM scheme. In Section IV, simulation results are presented to compare the conventional and proposed scheduling schemes. Finally, conclusions are drawn in Section V. 
II. SYSTEM AND CHANNEL MODELS
We consider the downlink transmission of a single cell system comprising a base station and K user terminals, as depicted in Fig. 1 . The base station is equipped with N T transmit antennas, and each user terminal with N R (≥ N T ) receive antennas. It is assumed that the base station serves the K active users in a time division fashion, and that the K users are distributed uniformly over the cell with radius R. At the transmitter, data packets are loaded on transmit antennas using SD or SM technique, and the total transmit power P T (t) at each time slot is equally divided into antennas. The receiver of each user estimates packets intended for the user using the maximum likelihood (ML) detector for SD [2] and using a minimum mean square error (MMSE) detector for SM [8] . The receiver also estimates the supportable rates of spatial channels from channel estimates, and passes them to the base station through an uplink feedback channel as shown in Fig. 1 . We define the supportable rate of a channel as the maximum feasible transmission rate per unit bandwidth, at which data packets can be delivered through the channel with predefined tolerable errors.
The transmit signals are assumed to experience path loss, log-normal shadow fading, and multipath fading. The channel is assumed to be fixed during each time slot, and to vary independently over time slots. The channel matrix H k (t) between the base station and the kth user during the tth time slot may be expressed as [8] 
where C is a constant and is set to unity for simplicity, r k is the distance between the base station and the kth user, R 0 (= 0.1R) is a reference distance for path loss, min (a, b) denotes the greater one between a and b, α is the path loss exponent, and X k (t) is a zero-mean real Gaussian random process with variance of σ S 2 . The elements of N R × N T matrix G k (t) are independent zero-mean complex Gaussian random processes with unit variance, representing Rayleighdistributed multipath fading.
III. PROPORTIONAL FAIR SCHEDULING
We first review the PFS scheme for a single antenna system (N T = N R = 1). In a single antenna system, data packets of users are usually transmitted in a time division fashion, and the scheduler determines which user to be assigned to the next available time slot. The PFS scheme reflects temporal variations of the channel conditions to the scheduling decision. At each scheduling instant, the scheduler computes the ratio of the instantaneous to the average channel conditions for every active user, and assigns the next time slot to the user associated with the maximum ratio [9] . The instantaneous channel condition of the kth user at the tth time slot can be represented as the supportable rate R k (t) fed back from the user. When we adopt uncoded M-ary (M = 2 n , n = 1, 2, ⋅⋅⋅, 8) modulation schemes for packet transmissions, R k (t) may be discretized using approximate spectral efficiencies of the Mary modulation schemes as [11] ( ) ( )
where γ k (t) represents the signal-to-interference-plus-noise ratio (SINR) at the receiver, 10log 1 0 Ω = 8 dB, x denotes the greatest integer smaller than or equal to x, and min (a, b) denotes the smaller one between a and b. Using the supportable rates of users, the PF scheduling decision at the time slot may be expressed as [9] {1, 2, , }
where ( ) k t ′ represents the user index to be served at the (t+1)th time slot, and ties are assumed to be broken randomly. In (3), ( ) k R t is an estimate of the average supportable rate of the kth user, and it is obtained using a low pass filter with a time constant of t c slots as [9] ( ) ( ) ( )
Note that the PFS scheme described in (2)- (4) has a similar characteristic to the RRS scheme in terms of fair channel access chance provisioning among users in the average sense. However, unlike the RRS scheme, the PFS scheme takes advantage of temporal variations of wireless channels and independence of channels among users, achieving significant improvement in the system throughput. In the following subsections, we investigate how to extend the PFS scheme to multiple transmit and receive antenna systems described in Section II. The conventional PFS schemes based on SD and SM are discussed in Section III-A and Section III-B, respectively. In Section III-C, we propose an improved PFS scheme based on SM.
A. Conventional PF Scheduling Based on SD (C-PFS/SD)
When an SD technique is applied to multiple antenna systems, both the transmit and receive antennas are exploited to achieve diversity that improves the link quality. In this paper, we adopt a space-time block code at the transmitter and ML 0-7803-7954-3/03/$17.00 ©2003 IEEE.
detection at the receiver. Space-time block coding is an effective coding technique that combines coding across the space and time domains at the transmitter and signal processing at the receiver. For a special case of two transmit antennas, a simple orthogonal space-time block code has been proposed in [2] . According to this scheme, transmit symbols constituting packet are grouped into pairs of two symbols, denoted as s 1 and s 2 , which are simultaneously transmitted from antenna 1 and antenna 2, respectively, during a given symbol period. During the next symbol period, where h k (m, n) denotes the element of H k (t) corresponding to the mth row and nth column, and σ 2 is the noise power per receive antenna. Thus, in the C-PFS/SD scheme, the supportable rate R k (t) of the kth user can be estimated at the receiver using (2) and (5), and scheduling can be performed using (3) and (4) as for a single antenna system. The resulting normalized system throughput T C-PFS/SD (t+1) at the (t+1)th time slot may be expressed as
Although space-time block codes are available for more than two transmit antennas [3] , we do not present details of them in this paper, since the case of two transmit antennas may provide sufficient insight into the impacts of SD on packet scheduling.
B. Conventional PF Scheduling Based on SM (C-PFS/SM)
When multiple transmit and receive antennas realize SM, multiple spatial channels in different conditions are created at each time slot [7] , [8] . Each spatial channel is associated with a transmit antenna, and thus the number of spatial channels is equal to that of transmit antennas, N T . Different data symbols can be transmitted through these multiple spatial channels at the same time. Therefore, the supportable rate R k (t) of the kth user can be expressed as the sum of the supportable rates of N T spatial channels for the user:
where R k,n (t) denotes the supportable rate of the nth spatial channel for the kth user at the tth time slot, and it can be calculated using (2) with γ k (t) being replaced with the SINR γ k,n (t) of the nth spatial channel for the kth user. We can obtain γ k,n (t) from the SINR after a linear detection as [8] 
is the received signal power at the tth time slot for the kth user. When the MMSE detection is adopted, the MMSE weight matrix W k (t) in (8) is given as [8] ( )
where (⋅) H denotes the conjugate transpose, and R N I is the N R × N R identity matrix. Based on the supportable rates in (7), scheduling can be performed using (3) and (4), and the resulting normalized system throughput T C-PFS/SM (t+1) at the (t+1)th time slot is the sum of the normalized throughputs for N T spatial channels of the ( ) k t ′ th user:
C. Proposed PF Scheduling Based on SM (P-PFS/SM)
The C-PFS/SM scheduling scheme in Section III-B assigns all N T spatial channels to one user, so that only one user is served during each time slot. However, in multiple transmit and receive antenna systems based on SM, each spatial channel or transmit antenna can be allowed to be assigned to different users at each time slot as in the AA-RRS scheme [8] . The effective use of this degree of freedom in scheduling is expected to achieve multiuser diversity in the space domain as well as in the multiuser domain, since the channel conditions are generally independent in both the multiuser and space domains. Based on this investigation, we propose a new PFS/SM scheme, referred to as P-PFS/SM scheme, in this subsection. In the P-PFS/SM scheme, transmit antennas are allowed to be assigned to different users at each time slot, and scheduling is conducted in N T sequential stages. At each stage, one transmit antenna is assigned to the best user in the proportional fair sense, and the average supportable rates of users are updated according to the assignment results. Hence, the proposed scheduling procedures may be summarized as Initialization:
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where R k,n (t)'s in (11a) are calculated using (8) and (9) as in the C-PFS/SM scheme, and ( ) n k t ′ denotes the user index assigned to the nth transmit antenna. The resulting normalized system throughput T P-PFS/SM (t+1) at the (t+1)th time slot may be calculated as
It should be noted in (11) that transmit antennas are assigned to users in the sequential order from antenna 1 to antenna N T . Different assignment orders may lead to different system throughput. However, we adopt the sequential order in (11), since the effect on the system throughput is found to be negligible. Another point to be noted is that the P-PFS/SM scheme requires N T times more computations in scheduling than the C-PFS/SM scheme at the cost of performance improvement.
IV. SIMULATION RESULTS
In this section, the performance of the C-PFS/SD, C-PFS/SM, and P-PFS/SM scheduling schemes in Section III is evaluated and compared with one another in terms of the system throughput and user throughput. The system through- puts normalized by the system bandwidth for the C-PFS/SD, C-PFS/SD, and P-PFS/SM schemes are estimated from (6), (10) , and (12), respectively, using 20,000 independent realizations of the channel matrices in (1). The normalized user throughput is the normalized throughput allocated to a specific user. The system and user throughputs are evaluated in both the average sense and outage sense. Throughput in the average sense is the throughput averaged over channel realizations, and throughput in the δ % outage sense is defined such that the probability of the throughput at a time slot being less than the value is δ %. The path loss exponent α and log standard deviation of shadow fading σ S in (1) are assumed to be 3.7 and 8 dB, respectively. When power control is not employed, the transmit power P T (t) is fixed to a constant P T . With perfect long-term power control, on the contrary, the transmit power is adapted in time to make long-term received power constant irrespective of the path loss and shadow fading. In the subsequent results, we set P T to give 10 dB of the median signal-to-noise ratio (SNR) per receive antenna at the cell boundary, P T /σ 2 . In the case of long-term power control, the transmit power is adapted to keep the average received SNR per receive antenna being 10 dB. Since the required transmit power for N T served users at a given time slot can be distinct in the P-PFS/SM scheme, we use the mean of the transmit power for the N T served users not to change the average transmit power. We use (N T , N R ) notation to represent a multiple antenna system with N T transmit and N R receive antennas. Fig. 2 compares the system throughputs for a (2, 2) system without power control and with perfect long-term power control. As expected, the throughputs for all three schemes are shown to increase with the number of active users K due to multiuser diversity effect. The increase is more significant in the C-PFS/SM and P-PFS/SM schemes than in the C-PFS/SD scheme, since spatial diversity tends to weaken the effect of multiuser diversity [10] . Consequently, the schemes based on SM outperform the C-PFS/SD scheme, especially in terms of the average throughput, unless K is small and small outage is considered. The throughputs of the C-PFS/SM and P-PFS/SM schemes are seen to be almost the same in Fig. 2(a) . This is because, without power control, the path loss and shadow fading that are common to all antennas may dominate scheduling decisions rather than the multipath fading, so that the use of spatial dimension in scheduling is not much advantageous. In Fig. 2(b) , on the contrary, throughput improvement of the P-PFS/SM scheme compared to the C-PFS/SM schemes are observed to be significant. This is because the long-term power control make different multipath fading across antennas dominate scheduling decisions. Thus, the use of spatial dimension in the P-PFS/SM scheme becomes effective in improving the system throughput. When K = 12, for example, the average throughput of the P-PFS/SM scheme is 1.8 times larger than that of the C-PFS/SM scheme. These trends in the P-PFS/SM and C-PFS/SM schemes are also observed in a (4, 4) system in Fig. 3 .
To compare fairness characteristics of scheduling schemes, we present the average user throughputs in Fig. 4 for a (4, 4) system, when K = 20. The distances between the base station and users are assumed to be spaced uniformly between 0.05R and R. When power control is not employed, the user throughputs for both C-PFS/SM and P-PFS/SM schemes are shown to decrease with the distance. This verifies that the PFS schemes cannot provide throughput fairness among users without power control, although the schemes guarantee equal channel access chance to all users. Through the use of longterm power control, however, the path loss and shadow fading is compensated so that the channel statistics of all users become similar. In Fig. 4 , the average user throughputs of the C-PFS/SM and P-PFS/SM schemes are shown to be constant irrespective of the distance.
V. CONCLUSIONS
We have proposed an improved PFS scheme based on SM for a cellular system with multiple transmit and receive antennas. The proposed P-PFS/SM scheme allows spatial channels or transmit antennas to be assigned to different users at each time slot. The combined use of multiuser and space domains in scheduling realizes diversity in both the multiuser and space domains, resulting in improvement of the system throughput. The cost of throughput improvement is an increase in computations for scheduling than the conventional schemes. Simulation results have shown that the P-PFS/SM scheme always outperforms the C-PFS/SM scheme, and outperforms the C-PFS/SD scheme except when the number of users are small and small outage is considered. It has been shown that throughput improvement of the P-PFS/SM scheme over the C-PFS/SM scheme is not significant without power control. When long-term power control is adopted, however, the P-PFS/SM scheme has been found to significantly outperform the C-PFS/SD and C-PFS/SM schemes. The use of power control has also been found to provide throughput fairness to users in different channel conditions as well as fair channel access chance.
